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Introduction
In fractured aquifers that include a low-permeability rock bulk, the main water flow takes place in the network of fractures (Rutqvist 1995) . The flow in the fractures is faster than the flow through the rock bulk (Hinds et al. 2003 ). In such fractured aquifers, the fracturing induces a significant permeability contrast. This characteristic is emphasized in karst systems where some flow paths are extremely developed and form channels or conduits with very high hydraulic conductivities.
Regarding storage capacity, with the use of a four-component mixing model, Lee and Krothe (2003) showed that the total discharge at a spring is a mixture of water from drains, soil, and epikarstic and low-permeability features. Maloszewski et al. (2002) showed that the volume stored in the karst channels is very small (less than 1%), and suggested that porosity measurements in low-permeability rock are needed. All these results highlight the major role of the permeable conduits as the water transfer compartment and the important role of the lowpermeability matrix as the water storage compartment in karst aquifer systems (Lee and Krothe 2003) .
To predict the spring flow, several authors (Jeannin and Grasso 1995; Guglielmi and Mudry 200, Martin and Dean 2001) studied the water exchanges between the low-permeability matrix and conduits. They showed a reversible relationship related to hydraulic head gradient: low-permeability matrices discharge water to conduits, and conduits discharge water to low-permeability matrices. These studies were done at the aquifer scale and do not address the water mix during transient hydraulic heads. Thus an experiment was proposed, taking place at a sublocal scale, as defined by Kiraly (1969) , Teutsch and Sauter (1991) , Sauter (1992) and White (2002) (Fig.1) to study the water exchanges between drains and low permeability matrices under transient hydraulic heads.
The purpose of the experiment performed on the natural test site of the Coaraze spring, in the southern Alps, France, is to define the precise relationships between the permeable fractures and low-permeability matrices under experimentally induce water-table fluctuations. The experiment was performed in a fractured carbonate aquifer. At this experimental site, different water-table fluctuations (from 0 to 10 meters) are generated with a water-gate that enables the control of outflowing waters. The hydraulic heads in the low and high permeability matrix are monitored using pressure measurements, and the exchanges are verified using hydrochemical tracers.
Hydrogeological context

Aquifer geometry
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The Coaraze natural laboratory site (Guglielmi and Mudry, 2001) , is located in the external Alps of southeastern France, about 30 km north of Nice (Fig. 2) . This site consists of a small natural reservoir (20 m x 15 m) made up of a 15 m thick pile of fractured Cretaceous limestone, and limited at the bottom and the top by impervious glauconious marl layers (Fig. 2) . This small reservoir is fed by water from a fault (see FA in Fig.1b ) which has displaced the impermeable layer of the bottom and connects this small aquifer to the regional aquifer.
A detailed description of the Coaraze aquifer fracture network can be found in Cappa et al. (2004) . The fracture network of the rock mass is characterized by 26 faults (with a pluri-decametric spatial extention) that extend over the boundaries of the studied reservoir and that spread into three clusters ( Fig. 3 a and b ):
-3 faults with a N50 / N70 strike, dipping 70° to 90° SE (F 11 , F 12 and F 13 ). These faults have a 2-3 meter spacing -11 faults with a N120 / N140 strike, dipping 75° to 90° NE (F 1 to F 10 and F 14 ) and with a 2 meter mean spacing -12 bedding planes with a N40 strike, dipping 45° SE (S 1 to S 12 ) and with spacings ranging between 0.5 and 1 meter.
The fractured calcareous rock mass is drained by a main spring (average yearly yield of 12 Ls -1 ) located on a vertical impervious fault between permeable limestones and impervious marls (see FB in Fig. 2b ). This fault plays the role of a natural dam for the water which is stored in the reservoir. The spring can be artificially closed with a water-gate; thus the water head in the reservoir is controlled by opening or closing the gate. 30 m upstream from the water-gate, water originating from a fault flows continuously into the reservoir. The topographic surface of the massif has been rendered waterproof with concrete to a 10 m height, to prevent water leakages from the aquifer when the water head increases within the rock mass after the closure of the water-gate.
When the water-gate is completely closed, the spring does not discharge any more, and the interstitial pressure increases and stabilizes up to 10 m above the water-gate. Water stored inside the fractures and bedding planes network saturates a volume of reservoir of about 13,500 m 3 . When interstitial pressure stabilizes, two temporary springs (T1 and T2) overflow at the reservoir boundaries (Fig. 2) . When the water-gate is opened, water stored in the reservoir flows out. The hydraulic boundaries of the reservoir are thus well known and can be summarized as follows:
• 4 impervious boundaries corresponding to the top and the bottom geologic layers (impervious marls), the downstream fault and the topographic surface covered with concrete.
• 1 permeable boundary corresponding to the upstream fault. Guglielmi and Mudry (2001) and Cappa et al. (2004) studied in detail the hydraulic links between lowpermeability bedding planes and permeable fractures, in order to decipher the dual-permeability processes in the fractured aquifer. These studies highlighted the storage capacity of low-permeability bedding planes in conjunction with the transport capacity of the permeable fractures.
Hydraulic characterisation of the Coaraze dual-permeability aquifer
The following hydraulic characteristics of the Coaraze aquifer were thus described by Cappa et al (2004) :
• Dual permeability fracture network with highly permeable faults (called F in Fig.3 ) extending through the whole aquifer thickness and low permeability bedding planes (called S in Fig.3 ) that consist of a group of 12 discontinuities extending throughout the aquifer thickness.
• High connectivity between the faults and bedding planes.
• The hydraulic conductivity measured with slug tests and injection tests ranges between 5.7 10 -5 and 2.3 10 -4 ms -1 for the fault and between 9.0 10 -7 and 7.6 10 -6 ms -1 for the low-permeability bedding planes.
• The storativity of major faults represents only 4% of the aquifer total storativity. The remaining 96%
correspond to the storage in the bedding planes (Guglielmi and Mudry 2001) . Guglielmi and Mudry (2001) and Cappa et al. (2004) showed a high permeability contrast between the faults and the bedding planes (K faults = 100.K bedding planes ). It means that the reservoir is drained by the faults network. The faults represent hydraulic boundaries for the connected bedding planes. Thus it is possible to study in this aquifer the relationship between one fault and the surrounding bedding planes.
Materials and methods
Measurement device
The different clusters of fractures and bedding planes ( Fig. 3a and Fig. 3b ) are locally monitored by permanent internal gauges installed in 7 cm diameter boreholes ( Fig. 3c ). At each monitoring point, a chamber was cored to enable hydrostatic pressure monitoring in the fracture (Fig. 3d ). The pressure measurements are done by interstitial vibrating-wire pressure gauges with an accuracy of 10 cm. Water pressures are referenced to the same elevation origin which corresponds to that of the main spring (water-gate), and represent the hydraulic head.
During the experiments, all the measurements are automatically recorded every minute with a data recording station. Ten pressure measurements are carried out in the reservoir on all sets of fractures and bedding planes.
In addition to this permanent recording device, a sensor measuring water electrical conductivity and pressure every 30 seconds was installed in the bedding plane ( During the opening of the water-gate, no sampling was done because the water flow from the discontinuities was null.
Water was sampled along the bedding plane (S 2 ) and along the fault (F 3 ) through two sampling pipes that remained opened during all the experiments. Samples for the major ion analysis were preserved in 50 ml highdensity polyethylene bottles. Before sampling, each bottle was rinsed three times with the sampled water. When the samples were collected, pH, electrical conductivity, and temperature were measured in the field with a WTW portable pH-conductivity meter, calibrated before the experiment. For each collection, three different samples were taken, one for alkalinity, one for major dissolved cations, one for major dissolved anions.
Alkalinity and Ca 2+ were measured within the first 12 hours after the campaign, by titration with a potentiometric titration workstation (model TitraLab 90®, Radiometer Analytical®); the standard deviation for calcium was given to ± 0.005 mmolL -1 or ± 0.3 % and for alkalinity ± 0.007 mmolL -1 or ± 0.28 %.
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The cations K + , Na + , Mg 2+ were analysed with an atomic absorption spectrophotometer (Perkin Elmer 1100B®). The accuracy of the overall analysis was checked for each sample by calculating a charge balance. All the analyses were performed in the Hydrogeology Laboratory of the Department of Geosciences (University of Franche-Comté).
Results and discussion
Relation between hydrochemical measurements and aquifer rocks.
The measured concentrations indicate a HCO 3 --Ca 2+ -Mg 2+ water type and the time variations of concentrations are (for more than 80%) explained with these three ions ( and pH range from 7.61 to 7.7. Thus despite their closeness (4 meters) and their high-connectivity, water contained in F 3 (high permeability) and S 2 (low permeability) are chemically different, with a low pH and high bicarbonate content for the bedding plane related to the fault. Table 1 show that the water from the low permeability matrix presents higher electrical conductivity values than the water from the fault.
In this carbonate (CaCO 3 ) and dolomite (CaMg(CO 3 ) 2 ) context, one can assess that carbonate and dolomite dissolution/ precipitation are the two main factors controlling the water chemistry evolution (White, 2002) .
These dissociation equations are controlled by the CO 2 concentration in water Dreybrodt 1984, 1985; Dreybrodt and Buhmann, 1992; Liu et al. 1995; Liu and Dreybrodt 1997; Dreybrodt et al., 1997) . These reactions can be described with the equations 1, 2 and 3 
Based on the concentration measurements, the saturation indexes for these three reactions were calculated, with the PHREEQC software and its database for equilibrium constant and water activity calculations ( 
Water chemistry evolution related to water-table fluctuations.
Although no water / rock interaction is observed, the electrical conductivities recorded at the outlet of the bedding plane (S 2 ) and at the outlet of the fault (F 3 ) display an evolution with the closures / openings of the water-gate (Fig. 5) . The conductivity measured in the fault ranged from 436 µScm -1 to 443 µScm -1
; the conductivity measured in the bedding plane ranged from 457 µScm -1 to 439 µScm -1 (Fig. 5) .
The pH and bicarbonate concentration evolved (Fig.6) respectively, and appear to be measured in the bedding plane S 2 after the stabilized drainage stage (S 2 (90) ).
CO 2 dissolution in the low permeability matrix.
Water contained in the low permeability matrix shows low pH and high HCO 3 values compared to water from the fault. The conductivity increase of 10 µScm -1 (Fig. 5 ) is correlated with a 0.3 mmolL -1 HCO 3 increase and 0.25 pH decrease and may result from the perturbation of the H 2 O-CO 2 -CaCO 3 equilibrium.
During the draining stages, if the bedding plane had been dry, the probe would have recorded a null electrical conductivity value. No null values were observed so the bedding plane was never totally dry. In these conditions, where hydraulic head is null, one can assess that the bedding plane is not saturated, which may have enabled the possible arrival of air. In this hypothesis CO 2gas is dissolved in CO 2aq , and allows the water to take HCO 3 -ions and protons into solution, according to equation 3. Electrical conductivity increase is induced by the HCO 3 -concentration increasing in the bedding plane. The water recorded a new CO 2 stock arrival in the low permeability matrix (Fig.8a) . As explained by some authors (Dreybrodt and Buhmann, 1991; Dreybrodt et al. 1996, Fourar and Bories, 1999) this reaction could be very rapid in carbonated aquifers, as a function of hydraulic parameters and physicochemical parameters. Here, electrical conductivity curves show an increase during draining, about 10 minutes before the stabilization.
4.4.Cumulative evolution of water chemistry during successive water-table fluctuations
When the refilling is done, the electrical conductivities, the pH and the bicarbonates measured in the fault and in the joint are stabilized around an intermediate value (noted P1, P2, P3 and P4 in Fig.6 ). The different volumes of water from low and high permeability discontinuities become mixed. It appears that the stabilisation point of the bicarbonates for the bedding plane and the fault is evolved from f 1 to f 4 so P 1 <P 2 <P 3 <P 4 (Fig. 6) .
The upward evolution of the stabilisation point of the bicarbonates reveals a modification created by the cumulative draining/ refilling stages (Fig.6 ). This evolution is correlated with a downward evolution of the pH.
This increased cumulative modification may be the result of CO 2 dissolution capacity that increases with the desaturation of the low permeability matrix, created by the successive draining phase. The contrast between water chemistry in low and high permeability matrices increases during the experiments.
Influence of the saturation state on the bicarbonates acquisition.
During draining stages, water sampling is impossible without modification of the head in the low permeability Two cases are distinguished, related to the monitored hydraulic heads in the low permeability matrix.
In the first case, the hydraulic head in the bedding plane S 2 equals 0 after a 5 min delay after the water-gate opening d 2 (Fig. 7 ). An increase of electrical conductivity from 441µScm -1
, to reach a stabilisation at 459 µScm -1 is recorded.
In the second case (d 3 ), a residual hydraulics heads of about 0.2 m is maintained along the bedding plane with the water-gate (Fig. 7) . In this case, the water electrical conductivity increases but to a lesser extent than in the first case, and stabilizes more rapidly at a value of 444 µScm -1
. The maximum that the electrical conductivity reaches is controlled by residual hydraulic heads in the bedding plane (Fig.7) .
The increase of electrical conductivity during draining stage is attributed to the bicarbonate acquisition induced by the CO 2 (g) dissolution. Thus when the bedding plane recorded low hydraulic head, the bedding plane is fully unsaturated and the bicarbonates acquisition is maximum. The residual hydraulic head informs about the degree of (un)saturation of the bedding plane and controls the amount of dissolved CO 2 .
Differentiation of the water chemistry controlled by the permeability.
After long (one week f 0 ) high water levels in the aquifer, the samples taken show a differentiation of the water chemistry stored in the bedding plane (S 2 (0) ) compared to the water sampled in the fault (F 3 (0) ) ( Table 1 ). This indicates a renewal of water in the permeable faults which is more important than in the low-permeability bedding plane. During the one week saturation, water contained in the low-permeability matrix remained isolated from water which flows in the faults (Fig.8b) . The chemistry of the water in F 3 (0) can be considered as representative of the water from the upstream (Table 1) .
After long low water levels a chemical differentiation is also observed, with high HC0 3 -and low pH in the bedding plane, illustrated by the difference between the samples S 2 (40) and F 3 (40) or S 2 (90) and F 3 (90) .
The hydrochemical evolution of water along the permeable fault is limited because of the permanent water renewal and because the water keeps its low bicarbonate characteristic. The hydrochemical evolution of water along the bedding plane located in the saturated / unsaturated interface shows an increase in the bicarbonate concentration and a decrease in pH value in less than 10 min. This hydrochemical differentiation can be used as a tracer of exchanges between the fault and the variably saturated low-permeability matrix.
Water mixing induced by hydraulic head gradient fluctuations.
The intermediate 441 µScm -1 value, and all the P 1 , P 2 , P 3 and P 4 stabilization points ( Fig.5 and 6) show that water in the unsaturated bedding plane flows towards the fault, and that water from the fault refilled the bedding plane.
Waters from the discontinuities of different permeabilities are mixed. The low-permeability matrices contributed to the refilling of the permeable faults, and to mixing of the waters (Fig.8c) independently of the regional hydraulic gradient.
During the mixing, electrical conductivities in the bedding plane presented variable responses related to the hydraulic heads :
In the first case, before closure, the hydraulic heads in the fault and in the bedding plane are null (residual hydraulic head is about 0.05 m for d 2 ). When the hydraulic head increases in the fault and more slowly in the bedding plane, the conductivity falls immediately, reaches an intermediate value of 441 µScm -1 again after 10 min, and remains stable until the next event ( Fig. 5 and 7 ).
In the second case, a residual hydraulic head about 0.2 m is recorded when the water-gate is closed. 2 min after the water-gate closure, a 10 µScm -1 peak is recorded, then the conductivity again reaches 441 µScm -1 (for example in the drainage phase d 3 ). The hydraulic head rise in the fault which bounds the bedding plane induces a dynamic flow in the bedding plane which expels water contained in the bedding plane.
The electrical conductivity peaks ( Fig. 5 and 7) are the result of a piston effect induced by a hydraulic head variation which occurs in the low permeability zones of the aquifer and suggest a heterogeneous bedding plane surface. It can be explained by the roughness of the plane (Halihan et al. 1998; Aydin 2001) . This confirms the hydraulic model previously proposed (Guglielmi and Mudry 2001) . During an aquifer refilling, the highly conductive faults are refilled partly by water coming from low-permeability matrices with variable flow rates.
Consequences for a better understanding of hydrochemical measurements realised at karst springs draining regional aquifers
During high water- . In the unsaturated zone, water is stored in the low-permeability matrix but in less proportion than in the saturated zone, and the two-phase water/air flow induces a mineralization increase more important than in saturated volumes with short time duration.
During the subsequent aquifer recharge, water inflow coming from permeable regions will contribute to refilling a part of the low-permeability ones but, at the same time, the low-permeability matrices refill the permeable ones. This mechanism could be the cause of the peak of mineralization increase recorded in some karst springs at the beginning of flood events and could explain the (re)mobilization of pollutants stored in the low permeability matrices when the water table is rising.
Conclusions
In aquifers with a large range of permeabilities, the water exchanges between high and low permeability regions are controlled by hydraulic head gradient. Previous studies addressed this problem at the scale of large aquifers 12 during steady state conditions. This work, undertaken at the meso-scale (10m x 10m x 10m) in the small Coaraze aquifer, with the help of hydrochemical tracing, allows for the precise characterization of hydraulic relations between low and high permeability features of a fractured aquifer, at the scale of a group of discontinuities under experimentally induced water-table fluctuations.
In this carbonate aquifer no water/rock interactions are identified. However, evolution of the water chemistry is observed in the low permeability matrices located at the saturated / unsaturated interface. With successive and quick water-table fluctuations, the global mineralization and pH decrease, but the bicarbonate content increases, related to gas carbon dioxide dissolution. At the scale of a group of rock discontinuities, a chemical signature in groundwater was identified related to the permeability of the reservoir.
During hydraulic head fluctuations, the different volumes of water from low and high permeability discontinuities become mixed. During water-table rises, the low-permeability regions contributed to the refilling of the permeable faults and to the mixing of the waters. At the same time, flows opposite to the hydraulic gradient expelled highly mineralized water towards the spring. This mechanism could be the origin of the peak in mineralisation recorded in some karst springs at the start of flood events.
This work highlights the sensitivity of hydrochemistry in characterising the mixing process, while hydraulic measurements do not provide the same accuracy. These results have a direct application in water management, notably in the knowledge of the mechanisms that control (re)mobilization of pollutants in a fractured aquifer during water-table fluctuations. Longitudinal cross section (after Cappa et al., 2004) . Elevation (m) is relative to the main spring elevation. and P 4 are electrical conductivity stabilisation points in the bedding planes and the fault for f 1 , f 2 , f 3. , f4
respectively. F 3 (x) and S 2 (x) are the samples take respectively in the fault and in the bedding plane at the time x (in minutes) from the first opening. These chemical analyses are presented in Table 1 . Hydrochemical evolution of the couple fault/bedding plane during stabilized water-gate closing -(C)
Hydrochemical evolution of the couple fault/bedding plane during aquifer refilling. 
